Development of liver-targeted cell therapies, such as hepatocyte transplantation and bioartificial livers, requires a large amount of functional hepatocytes as needed. To achieve this development, establishing an excellent cryopreservation method of hepatocytes is an extremely important issue. Therefore, we performed a comparative review of cryoprotective effects of various cryopreservation solutions using primarily isolated porcine hepatocytes. Porcine hepatocytes were isolated with a four-step dispase and collagenase perfusion method. The obtained hepatocytes with the initial viabilities of 76%, 84%, and 96% were assigned to the following four groups for cryopreservation at −80°C: Dulbecco's modified Eagle's medium (DMEM) + 10% fetal bovine serum (FBS) + 12% dimethyl sulfoxide (DMSO) (group A), University of Wisconsin (UW) solution + 12% DMSO (group B), Cell Banker 1 (group C), and Cell Banker 2 (group D). The hepatocytes in each group were thawed at 3 days, 10 days, and 5 months of cryopreservation and subjected to comparative analyses, including viability, plating efficiency, LDH release, ammonia removal test, and lentiviral gene transfer. These parameters were the most favorable in the hepatocytes cryopreserved with UW solution. Approximately 5% of thawed cryopreserved porcine hepatocytes expressed LacZ activity after lentiviral transduction. Intrasplenic transplantation of UW solution-cryopreserved hepatocytes improved the survival of rats treated with D-galactosamine. UW solution maintained the functions of cryopreserved porcine hepatocytes.
INTRODUCTION
actively investigated (1, 14, 17, 18) . Porcine hepatocytes have been utilized for bioartificial liver (BAL) treatments, because pigs have similar physiology to humans Hepatocyte-based biological therapies have been a focus of attention to curatively treat some forms of acute and one liver can provide enough hepatocytes for several BAL treatments. Hyperacute reaction has been an hepatic failure or metabolic and enzymatic liver diseases (5, 7, 16, 21) . Although normal human hepatocytes are ideal initial high hurdle encountered in the use of xenogenic organs or tissues, but the development of transgenic pigs as a source of such therapies, it is usually not possible to supply the large amount of human hepatocytes re-expressing decay accelerating factor (DAF), one of the important human complement regulators, has been suc-quired due to the serious shortage of human donor livers. Instead, construction of immortalized human hepa-cessfully introduced, which is resolving the problem. A potential hazard of the pathogens from porcine-tocyte cell lines (8) and differentiation-inducing therapies from embryonic stem (ES) cells and bone marrow-derived derived organs is perceived as a new issue. Particularly, zoonotic infection has become an increasing concern cells to functional hepatocytic cells in vitro have been 608 KUNIEDA ET AL. when porcine cells/tissues are utilized, because porcine 8.4 g/L (Godo Shusei Co., Ltd., Tokyo, Japan)]; and PBC [NaCl 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose endogenous retroviruses (PERV) were reported to infect human cells in vitro (4, 13, 22) . We need to design clini-0.9 g/L, HEPES 4.78 g/L, collagenase 0.5 g/L (Nitta Gelatin Inc., Osaka, Japan), and CaCl 2 2H 2 O 0.55 g/L]. cal trials based on the presence of PERV. In other words, developing a functional cryopreservation method of por-At the end of the perfusion procedures, the liver capsule was cut out in PBC solution with a scalpel to disperse cine hepatocytes is needed to allow such biological safety examination in detail. Moreover, establishment of the liver cells. The resultant cell suspension was then filtered with a piece of sterile gauze and low-speed cen-an efficient gene transfer technology into the thawed cryopreserved cells would facilitate resolving some of trifugation (50 × g, 120 s) was performed. After aspirating and eliminating the supernatant, the cell pellet was these problems. Therefore, in this study, we investigated the effect of various preservation solutions on viability suspended in a washing buffer (NaCl 7 g/L, KCl 0.46 g/L, CaCl 2 2H 2 O 0.13 g/L, HEPES 2.38 g/L, BSA 1.0 and metabolic capacity of the cryopreserved porcine hepatocytes. Recently developed recombinant lentivirus g/L, MgCl 2 6H 2 O 0.1 g/L, MgSO 4 7H 2 O, and DNase I 0.1 g/L) and filtered with 75-µm nylon mesh. The cell vectors have been reported to infect a wide range of cells and be an excellent gene delivery tool to the targeted suspension was recentrifuged at 50 × g for 75 s. After the above procedure was repeated twice, the cell pellet cells (3, 6, 11) . Thus, we also investigated a lentivirusmediated gene transfer efficacy in the thawed cryopre-was resuspended in the washing buffer without DNase I and cell viability was calculated using a trypan blue served porcine hepatocytes. exclusion test. The hepatocyte viabilities of 75%, 84%,
MATERIALS AND METHODS
and 96% in three different isolation procedures were Animals used in the present research. All procedures performed on animals were approved Cryopreservation of Porcine Hepatocytes by the Okayama University Institutional Animal Care
The following four preservation solutions were examand Use Committee and were within the guidelines for ined: 10% FBS-added Dulbecco's modified Eagle mehumane care of laboratory animals. dium (DMEM) (Gibco BRL) + 12% dimethyl sulfoxide Isolation of Porcine Hepatocytes (DMSO) (Sigma) (group A), University of Wisconsin (UW) solution + 12% DMSO (group B), Cell Banker 1 Male Landrace pigs, weighing 10-15 kg, were used (Dia-Itron Co., Tokyo, Japan) (group C), and Cell for porcine hepatocyte isolation. Following intramuscular Banker 2 (Dia-Itron Co.) (group D). The hepatocytes injection of 10 mg/kg ketamine hydrochloride (Sankyo, were assigned to one of the four groups and the cell Tokyo, Japan), pigs were intravenously treated with 0.5 density was adjusted to 1 × 10 6 cells/ml. In groups A mg/kg droperidol (Sankyo) to induce general anesthesia. and B, the samples were gradually cooled down and pre-After the IV administration of 0.08 mg/kg of pancuroserved at −80°C using a programmed freezing box (Stranium bromide (Sankyo), mechanical ventilation (Shinano tagene, LaJolla, CA). In groups C and D, the samples Co., Tokyo, Japan) was performed after endotracheal inwere directly chilled to −80°C and cryopreserved. tubation. A left jugular vein was surgically exposed and a catheter for venous transfusion was inserted. Under Viability of Frozen/Thawed Porcine Hepatocytes general anesthesia using sevoflurane (Dainippon Phar-
The cryopreserved porcine hepatocytes were thawed maceutical, Osaka, Japan), a midline incision was made at 3 days, 10 days, and 5 months of cryopreservation. A in the upper abdomen and the liver was exposed. A latthawing process was implemented by dipping sample eral liver segment was resected for hepatocyte isolation.
tubes in a 40°C water bath for 2 min. The thawed hepa-The resected liver was subjected to the four-step retrotocytes were suspended with William's E medium (W-E grade dispase/collagenase perfusion. First, a 5-ml pipet medium) containing 10% FBS and centrifuged. The pres-(BD Biosciences, San Jose, CA) was inserted into the ervation solution was completely removed and the cell exposed vessels on the cut surface of the liver to flush pellets were resuspended with W-E medium. Cell viabilout blood with PBE solution, containing NaCl 9 g/L, KCl ity was assessed by a trypan blue exclusion test. 0.42 g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, HEPES 4.78 g/L, and EDTA 0.37 g/L, at the flow rate of 80 ml/min.
Culture of Frozen/Thawed Porcine Hepatocytes Next, the following solutions, previously warmed at 39°C in a thermostat bath, were sequentially refluxed:
The cryopreserved porcine hepatocytes were thawed and inoculated into six-well culture plates coated with 700 ml of PBE; 300 ml of PB (NaCl 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, and HEPES 4.78 type I collagen (Biocoat, Becton Dickinson Labware) at the density of 1 × 10 6 cells/well. The cells were cultured g/L); 500 ml of PBD [NaCl 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, HEPES 4.78 g/L, and dispase at 37°C under 5% CO 2 using W-E medium (Sigma, St. Louis, MO), 10% fetal bovine serum (FBS) (Sigma), 1 × nol for 10 min and the absorbance of the samples was measured at 540 nm of wavelength using an absorbance 10 −7 mol/L insulin (Gibco BRL 13007-018), 25 µg/L epidermal growth factor (Sigma), 1 × 10 −6 mol/L dex-meter (Labsystems, Multiskan MSLifescience International, Japan). Primarily cultured porcine hepatocytes amethasone (Sigma), 1 × 10 5 U/L penicillin, and 1 × 10 5 µg/L streptomycin. The cell cultures were carefully ob-were used as a positive control for this experiment. served under a phase contrast microscope.
LDH Measurement
The thawed porcine hepatocytes cryopreserved for 5 Plating Efficiency of Frozen/Thawed months were inoculated into the six-well culture plates Porcine Hepatocytes (Biocoat) at the density of 1 × 10 6 cells/well to measure One million thawed porcine hepatocytes (initial vialactate dehydrogenase (LDH) levels released from the bility of 96%) cryopreserved for 5 months were inocucells into the culture medium for 24 h using an ELISA lated into the six-well culture plates (Biocoat) and 24 h method (Becton Dickinson Labware). later treated with 0.5 mg/ml of 3-(4.5-dimethylthiazole-Ammonia Removal Test 2-yl)-2.5-diphenyl tetrazolium bromide (MTT reagent) (Sigma) for 3 h at 37°C under 5% CO 2 . Then the cells Cryopreserved porcine hepatocytes were thawed and 1 × 10 6 of viable hepatocytes were inoculated into the were reacted with 1 ml of 0.04 N HCl-added isopropa- six-well culture plates (Biocoat). Ammonium sulfate (0.56 Lentiviral transduction was conducted for 18 h at 37°C under 5% CO 2 . Two days after transduction, the cells mM) was added into the culture medium and 24 h later ammonia levels were measured with a Fuji Drychem were subjected to X-gal staining. The LacZ-positive hepatocyte ratios were calculated with observing 10 differ-system (Fuji Photo Film Co., Ltd., Tokyo, Japan). ent views under phase contrast microscopy at the magni-Gene Transfer Efficacy of a Lentiviral Vector fication of 200. Primarily isolated porcine hepatocytes in Frozen/Thawed Porcine Hepatocytes were used as a positive control. Vector plasmid HPV289, packaging plasmid HPV274, Transplantation Experiment and envelope plasmid YN15 were transfected into 293T cells by calcium phosphate method to generate a lentivi-To investigate the in vivo effect of the frozen/thawed porcine hepatocytes cryopreserved with UW solution for ral vector LtV-NLS/LacZ, encoding nuclear localization signal-tagged E. coli LacZ cDNA, as previously reported 1month (viability immediately after isolation was 96%), 1 × 10 7 of viable porcine hepatocytes suspended in 1 ml (19) . The frozen/thawed porcine hepatocytes cryopreserved with UW solution for 5 months (viability imme-of DMEM were transplanted into the spleen of male Wistar rats (group A, n = 10), weighing 200 g, as pre-diately after isolation was 96%) were inoculated into a six-well plate and 24 h later the culture medium was viously reported (9) . The rats underwent IP administration of 1 mg/kg D-galactosamine (Sigma) 24 h prior to replaced with 2 ml of LtV-NLS/LacZ-containing 293T cell supernatant and 2 ml of the regular W-E medium.
cell transplantation. Control rats (group B, n = 10) re-ceived injection of 1 ml DMEM into the spleen using for 5 months, hepatocyte viabilities of all groups decreased, but that of group B was maintained better than the same procedure as cell transplantation. Postoperative survival rate was calculated with log-rank test. Statisti-those of the other groups (Fig. 1B) . The data were representative of three independent experiments and the SDs cal differences were determined by Mann-Whitney Utest, followed by two-tailed Student's t-test.
were within 5% of the mean value.
RESULTS

Cultures of Frozen/Thawed Porcine Hepatocytes Viability of Frozen/Thawed Porcine Hepatocytes
To examine morphology of frozen/thawed porcine hepatocytes, the cells were carefully observed under phase Viabilities of thawed cryopreserved porcine hepatocytes with four different preservation solutions and peri-contrast microscopy. In group B, adopting UW solution, the porcine hepatocytes attached well on the surface of ods were evaluated with a trypan blue exclusion test. In the porcine hepatocytes with viability immediately after the culture dish, demonstrating a typical cobblestone-like morphology (Fig. 2) . On the other hand, adhesion of the isolation of 96%, the viabilities of frozen/thawed hepatocytes were 64.3% when the cells were preserved in hepatocytes in the other groups was inadequate and, especially in the groups preserved in Cell Banker 1 and 2, 10% FBS-added DMEM + 10% DMSO (group A), 81.7% in UW solution + 10% DMSO (group B), 68.7% many floating dead cells were observed (Fig. 2) . In longterm cryopreservation of 5 months, adhesion of porcine in Cell Banker 1 (group C), and 71.5% in Cell Banker 2 (group D). The viability was maintained significantly hepatocytes in UW solution-utilized group B was apparently better than those of other groups (Fig. 3 ). better with UW solution (Fig. 1A ). When cryopreserved 
Plating Efficiency of Porcine Hepatocytes Leakage of LDH After Freezing/Thawing
To evaluate the membrane stability of the frozen/ thawed porcine hepatocytes cryopreserved for 5 months, We measured MTT activity of frozen/thawed porcine hepatocytes with viability immediately after isolation of the amount of LDH released into the medium for 24 h was compared in each group. LDH leakage from the 96% for assessing plating efficacy. MTT value (0.731) of hepatocytes cryopreserved with UW was more favor-frozen/thawed hepatocytes was 21.5 IU/L for group A, 13.5 IU/L for group B, 13.8 IU/L for group C, and 19.0 able compared with that of the other groups ( Fig. 4) and was comparative to that (0.814) of primarily cultured IU/L for group D. UW solution-cryopreserved hepatocytes showed lower LDH leakage compared with those porcine hepatocytes, used as a positive control. of the other groups, but not significantly (Fig. 5) . These 84%), NH 3 clearance activity was markedly decreased after cryopreservation. findings were in accordance with the results of wellmaintained morphology and adequate planting efficiency A Lentiviral Vector Transduced Frozen/Thawed of the hepatocytes cryopreserved with UW solution.
Porcine Hepatocytes NH 3 Metabolic Capacity of Frozen/Thawed
To evaluate lentivirus-mediated gene transfer effi-Porcine Hepatocytes ciency, the thawed cryopreserved porcine hepatocytes were transduced with a recombinant lentiviral vector Lt/ To evaluate the metabolic capacity of porcine hepatocytes after cryopreservation, ammonia clearance test was NLS-LacZ. LacZ activity was detected in 5% of the hepatocytes on average (Fig. 7 ) by X-gal stain assay and performed in each group. The hepatocytes cryopreserved with UW solution (group B) exhibited the most favor-there was no difference in LacZ expression ratio among the four groups. In the positive control experiment, 6% able NH 3 -metabolizing activity (Fig. 6A) . In 5-month cryopreservation, NH 3 clearance activity of frozen/thawed he-of primarily isolated porcine hepatocytes were positive for LacZ. No difference in lentiviral transduction effi-patocytes was inadequate in groups A, C, and D, but that of group B hepatocytes was adequately maintained ciency was observed between frozen/thawed and primarily isolated hepatocytes. (Fig. 6B) . When the initial viabilities were low (75% and 
Transplantation of Frozen/Thawed Porcine
lation of data regarding the safety and benefits of porcine cell-based therapies in humans is required. Establish-Hepatocytes Prolonged the Survival of Rats With Liver Failure ment of an efficient cryopreservation method of porcine hepatocytes would enable performing detailed biological Intrasplenic transplantation of thawed hepatocytes analysis of the cells prior to clinical use. Such a method cryopreserved with UW solutions was performed in a rat could facilitate the retrospective and prospective analymodel of acute liver failure induced by (+)D-gal. Onesis. We investigated the efficacy of UW solution-based week survival rate was 40% for rats with hepatocyte cryopreservation of porcine hepatocytes, because UW transplant (group A) and 0% for control rats with mesolution has been recognized as an innovative organ dium injection (group B). All control rats died within 96 preservation solution (2, 15, 20) . In the present study, h after (+)D-gal treatment due to hemorrhage and jaun-UW solution significantly maintained the viability, platdice ( Fig. 8 ). A significant difference in the survival rate ing efficiency, and NH 3 -metabolizing activity of the frowas observed between groups A and B (p = 0.0365).
zen/thawed porcine hepatocytes.
DISCUSSION
Efficient gene transfer technology can bring great advances in cell therapies, because it enables genetically It is an urgent issue in the medical setting to take action against seriously impaired organs in the aging so-modifying the target cells by: 1) introducing various transcription factors associated with differentiated func-ciety. Although sluggish growth in the number of organ donors has been observed, it is unlikely that the prob-tions of frozen/thawed hepatocytes, 2) introducing apoptosis-resistant molecules, and 3) introducing suicide genes lem will be resolved in the near future. Instead of the use of human organs and tissues, utilization of pig or-for the unexpected case in which the transplanted cells become harmful to the host. Retrovirus vectors can in-gans has been considered because of unlimited availability. Recent remarkable gene transfer technology has en-duce cDNAs in the chromosome of the target cells, resulting in long-term expression of transferred cDNAs. abled creating various types of humanized pigs. On the other hand, researches have been actively pursuing the Cell division of the target cells is required for Moloney murine leukemia virus-based retroviral vectors; thus, such production of organs, tissues, and cells for transplantation from human embryonic stem (ES) cells. Clarifica-conventional retrovirus vectors cannot efficiently transduce terminally differentiated nondividing hepatocytes. tion of the differentiation-inducing mechanism from ES cells to differentiated hepatocytes would provide an im-Recombinant lentivirus vectors, which are newly developed from human immunodeficiency virus type I (HIV-portant source for cell therapies. However, use of stem cells essentially includes difficulty with the control that I), are capable of infecting a wide range of cells and even nondividing cells. Therefore, we examined the transduc-comes from the multipotency and active proliferation potency by themselves, raising concern that clinical ap-tion efficacy of the frozen/thawed porcine hepatocytes with a lentivirus vector Lt/NLS-LacZ expressing E. coli plication may take a fairly long period of time.
Porcine tissues and cells have been used in humans LacZ gene. In this study, transduction efficiency of Lt/ NLS-LacZ was 5% on average, which was compatible in the form of cell therapies, such as transplantation of porcine fetal brain cells to patients with Parkinson's dis-with that in the primarily cultured porcine hepatocytes. Further improvements, including concentration of viral ease or Huntington's disease, transplantation of pancreatic islet cells to diabetic patients, and bioartificial liv-titers, other transfection methods, and alteration of the promoter, should be considered to enhance the transduc-ers. On the other hand, the problems raised by the use of such animal cells include: 1) zoonotic infection (xeno-tion efficacy.
In the present work, we have demonstrated that the zoonosis), 2) immunological issues in the host (immunogenicity), and 3) histobiocompatibility. Since in vitro function of frozen/thawed hepatocytes was favorably maintained when UW solution was utilized. infection of human cells with the porcine endogenous retrovirus (PERV) was documented, there have been of clinical xenotransplantation. Needless to say, accumu-
